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Bacterial  microcompartments  are proteinaceous  organelles  that  are  found  in  a  broad  range  of  bacteria.
They are  composed  of  an  outer  protein  shell  that  encases  a specific  metabolic  process.  Examples  include
the carboxysome,  which  houses  enzymes  associated  with  carbon  fixation,  and  the  propanediol  metabolo-
some,  which  contains  enzymes  linked  with  the  catabolism  of  propanediol  to propionic  acid.  In  this  article
the molecular  structure  of  bacterial  microcompartments  is  examined  and  the  potential  to engineer  theseeywords:
acterial microcompartment
rganelle
ropanediol utilisation
etabolism
intriguing  organelles  for biotechnological  applications  is  explored.
Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.arboxysome
. Introduction
Notable successes in the era of synthetic biology have so
ar included the metabolic engineering triumphs associated with
rtemisinin biosynthesis in Saccharomyces cerevisiae (Ro et al.,
006) and the optimisation of bacterial 1,3-propanediol produc-
ion (Nakamura and Whited, 2003). In both cases cells have been
eprogrammed to accommodate optimised pathways that occur
lsewhere in nature. Of course, synthetic biology has bigger and
roader aims including the construction of altogether new path-
ays and even new life forms (Gibson et al., 2010). However, from
n engineering perspective, one of the limiting factors associated
ith synthetic biology is the problem of compartmentalisation.
he emergence of compartmentalisation is regarded as a key event
n the evolution of eukaryotic cells (Martin and Koonin, 2006),
nd compartments such as the endoplasmic reticulum and nuclear
embrane are so essential for cell function and division as to be
on-modifiable. In contrast, until recently the absence of com-
artmentalisation was thought to be characteristic of prokaryotic
ells. Functional compartmentalisation of metabolism within cells
s a desirable engineering objective since it allows the concen-
ration of enzymes for specific processes, protects compartment
ontents from exogenous interfering (e.g. oxidising) agents pro-
uced elsewhere in the cell, and guards the remainder of the cell
∗ Corresponding author. Tel.: +44 01227 824690.
E-mail address: m.j.warren@kent.ac.uk (M.J. Warren).
168-1656/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.jbiotec.2012.09.002from potentially toxic intermediates formed within the compart-
ment.
In this review we outline a number of exciting developments
that allow the specific production of proteinaceous compart-
ments dedicated to specific metabolic functions within bacteria,
organelles that are referred to as bacterial microcompartments
(BMCs) (Fig. 1). These structures are probably the largest protein-
based macromolecular assembly found in any bacterial cell and
have the potential for significant biotechnological application. They
consist of an outer protein shell that encases a specific metabolic
process connected to the rest of cellular metabolism by small selec-
tive pores in the shell structure. The shell alone is thought to
contain approximately 4000 protein subunits (Yeates et al., 2008),
surrounding a further 10–15,000 protein molecules (Cheng et al.,
2008). The combined mass of the macromolecular assembly is
estimated to be between 100 and 600 MDa  (Cheng et al., 2008).
Herein we outline how these amazing assemblies can be turned
into bespoke molecular processing bioreactors and provide some
information about how these compartments are generated and
positioned within the cell.
2. Bacterial microcompartments: carboxysomes and
metabolosomes
It has only recently come to be appreciated, with the advent
of large scale bacterial genome sequencing, that a significant per-
centage of bacteria may  be capable of forming BMCs. These internal
partitions are metabolically active structures bound by a protein-
aceous shell that are located within the cellular cytoplasm (Cheng
ghts reserved.
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Fig. 1. Cartoon representing BMCs within a bacterial cell. The major metabolic
processes associated with BMCs are also highlighted including carbon fixation
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Ynd the catabolism of both ethanolamine and propanediol. Abbreviations: 1,2-
D, 1,2-propanediol; RuBisCo, ribulose bisphosphate carboxylase/oxygenase; RBP,
ibulose-1,5-bisphosphate.
t al., 2008; Kerfeld et al., 2010; Tanaka et al., 2008; Yeates et al.,
008). The best-known example of this is the carboxysome, a poly-
edral edifice found in multiple copies in cyanobacteria and some
hemoautotrophic bacteria that is associated with the fixation of
arbon dioxide (Fig. 1) (Cannon et al., 2001; Iancu et al., 2007, 2010;
erfeld et al., 2010; Schmid et al., 2006; Tanaka et al., 2008). The car-
oxysome has a highly organised composition that is about 120 nm
n diameter and houses both the Calvin cycle enzyme ribulose-
,5-bisphosphate carboxylase/oxygenase (RuBisCO) and carbonic
nhydrase. The current model of the carboxysome predicts that
rganised arrangements of these enzymes are contained within a
uasi-icosahedral structure encased by outer shell proteins (Iancu
t al., 2010; Schmid et al., 2006; Tanaka et al., 2008). There are
wo types of carboxysome, termed  and , that differ in the type
f RuBisCO and carbonic anhydrase that is present (Kinney et al.,
011). The  carboxysome encapsulates Form IA RuBisCO and an
nusual -type carbonic anhydrase and has the genetic informa-
ion for carboxysome formation organised into discrete operons.
ere, the components of the carboxysome are termed Cso (for car-
oxysome). In contrast, the -type carboxysomes contain Form IB
uBisCO and the genes encoding for the various components of
he microcompartment are distributed throughout the genome. In
his case the genes are given the acronym Ccm (for carbon dioxide
oncentrating mechanism) (Kinney et al., 2011).
However, many other bacteria have the ability to make related
arboxysome-like structures but which house different metabolic
ctivities (Cheng et al., 2008) (Fig. 1). Genomic analysis sug-
ests that BMCs are widespread and functionally diverse (Beeby
t al., 2009; Cheng et al., 2008), permitting the enhancement of
etabolic processes and allowing hosts to inhabit certain metabolic
iches. At least seven different metabolic categories of BMCs
ave been reported (Kerfeld et al., 2010; Yeates et al., 2008)
nd around 2000 distinct BMC  shell proteins can be found dis-
ributed across more than 10 different bacterial phyla (Tsai and
eates, 2011). The best characterised examples of these are theology 163 (2013) 273– 279
microcompartments associated with ethanolamine (eut) and
propanediol (pdu) utilisation (Fig. 1) (Bobik et al., 1999; Kofoid et al.,
1999). Both of these metabolic activities depend on enzymes that
require adenosylcobalamin as a coenzyme. As these microcom-
partments are associated with a specific metabolic activity they
have also been termed metabolosomes (Brinsmade et al., 2005).
It has been suggested that the reason why both propanediol and
ethanolamine utilisation are contained within microcompartments
is the need to protect the cell from the toxicity of reactive aldehyde
intermediates that are formed during their catabolism (Penrod and
Roth, 2006; Rondon et al., 1995; Sampson and Bobik, 2008).
Interestingly, the most complex of these bacterial organelles is
probably the Pdu BMC, which houses a metabolic process demand-
ing recycling of multiple cofactors, enzymatic reactivation, and
channelling of several intermediary metabolites (Fig. 2) (Bobik
et al., 1999; Havemann and Bobik, 2003). The pdu operon is com-
posed of up to 23 genes (Bobik et al., 1999; Parsons et al., 2008;
Sriramulu et al., 2008). Of these, 7 encode for a total of eight shell
proteins (PduA, B and B’, J, K, N, U and T), 7 encode for metabolic
enzymes (PduCDE, PduL, PduP, PduQ, and PduW) (Leal et al., 2003;
Liu et al., 2007), four for cobalamin and dehydratase reactivation
(PduGH, PduO, PduS) (Bobik et al., 1997; Cheng and Bobik, 2010;
Johnson et al., 2001; Parsons et al., 2010b)  one for cobalamin
biosynthesis (PduX) (Fan and Bobik, 2008), one encodes a propane-
diol diffusion facilitator (PduF) (Chen et al., 1994), one is involved
in the interaction between the BMC  and the cytoskeleton (PduV)
(Parsons et al., 2010a)  and one has recently been identified as a
structural protein (PduM) (Sinha et al., 2012).
3. The structure of the BMC
The outer casing of the assembly of BMCs is composed of a spe-
cialised group of shell proteins that are phylogenetically related
(Fig. 3) and have a specific BMC  motif. In the carboxysome the
shell proteins are termed either CcmK1-4 and CcmO or Cso1A-D,
whereas the metabolosome shell proteins are given the acronym
associated with the catabolic pathway, Pdu (propanediol utilisa-
tion) and Eut (ethanolamine utilisation). The similarity between
the various shell proteins of the carboxysome and the metabolo-
some is shown in Fig. 3. Again, it would appear that the pdu system
has the most diverse range of shell proteins.
The shell of the carboxysome has several functions. Car-
boxysomes colocalise both RuBisCO and carbonic anhydrase and
are proposed to retain CO2 by acting as diffusion barrier. This leads
to an elevation of CO2 concentration in the immediate vicinity
of RuBisCO and to an increase of the CO2 fixation rate (Reinhold
et al., 1991; Yeates et al., 2008). RuBisCO not only fixes CO2, it is
a bifunctional enzyme that also catalyzes the competing, appar-
ently non-productive fixation of O2 (Amichay et al., 1993; Hartman
and Harpel, 1994). Consequently, it has been suggested that the
carboxysomal shell differentially blocks oxygen from reaching the
enzyme located inside, thereby enhancing its activity through
exclusion of the competing substrate (Cannon et al., 2001). This idea
is supported by the observation that the carboxysomal RuBisCO
is less sensitive to inhibition by molecular oxygen (Marcus et al.,
1992). The selectivity needed to restrict the movement of O2 and
CO2 but not the substrate and products of RuBisCo (ribulose bis-
phosphate and 3-phosphoglycerate) is reported to be achieved by
a combination of pores within the protein shell (Kerfeld et al., 2005),
and a primitive transport system that translocates CO2 into the
lumen of carboxysomes (So et al., 2004).With metabolosomes the effect of compartmentalisation would
include the regulation of enzyme activity, rate enhancement by
substrate channelling and the protection of the cell from toxic inter-
mediates. The achievement of the latter would require the selective
S. Frank et al. / Journal of Biotechnology 163 (2013) 273– 279 275
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Pig. 2. Diagrammatic representation of the pdu BMC. The figure highlights how the
ive  a fully formed organelle. In the pdu BMC  the shell proteins encase enzymes for
o  enter and leave the assembly.
ermeability of the protein shell and differential solubility and con-
entration of metabolites. It has been suggested, for example, that
ut microcompartments concentrate low levels of ethanolamine
atabolic enzymes, to increase the enzyme’s efficiency and to reg-
late metabolite levels (Brinsmade et al., 2005). Evidence for a
ole in cell protection was first mooted from a study of the eut
nd pdu operons (Rondon et al., 1995). This hypothesis was sub-
equently extended to include the role of the metabolosome shell
o restrict diffusion of toxic or volatile metabolites such as propi-
naldehyde and acetaldehyde respectively (Penrod and Roth, 2006;
ampson and Bobik, 2008). Supporting evidence for this was  the
henotype of a Salmonella enterica shell protein-minus mutant
ontaining an active propanediol metabolising pathway, which fea-
ured imbalanced propionaldehyde formation and consumption.
ropionaldehyde toxicity caused inhibition of respiratory processes
Ethano lamine :  EutL EutM 
1,2-Propaned iol:  Pdu B PduA Pdu J 
α-carboxysome: CsoS1A-D 
β-carboxysome: CcmK1-4     C
Fig. 3. The relationship between the shell proteins fo proteins come together to form either hexamers or pentamers, which combine to
nediol metabolism. The shell proteins form pores that allow substrate and product
and increased DNA mutation frequencies. A primary function of the
Pdu BMCs would thus appear to be the mitigation of toxicity and
DNA damage by propionaldehyde (Sampson and Bobik, 2008).
The semi-permeable shell of carboxysomes and the Pdu and Eut
metabolosomes is determined by the nature of the outer protein
shell. Structural work has shown that the outer shells of BMCs
consist of single layers of protein hexamers, which form the pla-
nar facets of polyhedra, and pentamers, which are thought to form
the vertices (Fig. 3) (Iancu et al., 2007; Kerfeld et al., 2005; Tanaka
et al., 2008). The hexamers belong to the bacterial microcompart-
ment domain class (BMC; Pfam 00936) and the pentamers belong
to the CcmL/CsoS4/EutN/PduN (Pfam 03319) domain class (Kinney
et al., 2011). For the carboxysome it is thought that the combina-
tion of hexamers and pentamers allow for curvature and closure
of the BMC, and it has been modelled as an icosahedral structure
EutS EutN
Pdu K Pdu U Pdu T Pdu N
CsoS2 CsoS4
cmO CcmL
und in the carboxysomes and metabolosomes.
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Fig. 4. Structure of PduT. The trimeric arrangement of PduT is shown, highlighting76 S. Frank et al. / Journal of Bi
n the same way as a viral capsid, as outlined in Fig. 2. As the
du shell protein PduN bears similarity to the carboxysome can-
idate CcmL, which forms a pentameric arrangement of subunits
Tanaka et al., 2008), it is possible that PduN forms the vertices of
he Pdu microcompartment (Parsons et al., 2010a).  Strangely, how-
ver, the Eut paralogue to CcmL, EutN, does not form pentamers but
nstead assembles into hexamers (Kinney et al., 2011). The Pdu and
ut microcompartments are not generally seen as regular icosa-
edra. However, a recent generalised elastic model predicts that a
ide range of polyhedral and spherical structural forms (remark-
bly similar to TEM appearances of Pdu microcompartments
Fan et al., 2010)) would arise spontaneously in an elastic shell con-
tructed with more than one component (Vernizzi et al., 2011; Tsai
nd Yeates, 2011).
Although they encapsulate completely different enzymatic
eactions several of the Pdu single BMC-domain proteins and those
f the -carboxysome are very similar. These features include the
resence of positively charged central pores allowing molecules
o be transported across the BMC  shell. The size and shape of
hese pores, however, differ between BMC  paralogues. To facil-
tate functional differentiation between BMC  shell proteins they
eature different BMC  folds. The most abundant proteins in -
nd -carboxysomes, Pdu and Eut BMC  shells are CsoS1A/B/C,
cmK1/2/3/4, PduA/J, and EutM. They adopt a so-called canonical
MC  fold. Other proteins like PduU and EutS feature a circularly
ermuted fold (Tsai and Yeates, 2011).
Structural analysis of PduU showed that its core is related to
ypical BMC  domains and its natural oligomeric state is a cyclic hex-
mer. However, PduU offers a novel structural motif, a deep cavity
n one side of the hexamer with several hydrophobic residues on
he surface. It has been proposed that the cavity facilitates specific
nteraction with interior components of the compartment (Crowley
t al., 2008). Its low abundance and the fact that on its own it
oes not appear to form well-packed hexagonal layers suggests that
duU interacts with homologous hexamers that are more abundant
n the shell. The paralogous Eut protein to PduU, EutS, was observed
o adopt a bent rather then a flat hexagonal structure (Tanaka et al.,
010) suggesting EutS might introduce curvature into an otherwise
at sheet, possibly allowing the shell to bend at an edge.
Many shell proteins are composed of two tandem copies of the
MC  protein domain and the circularly permuted form. CcmO is
ikely to be a double canonical BMC  protein, whereas CsoS1D, EutL,
nd PduT are double permuted BMC  domain proteins. Structural
nalysis of CsoS1D demonstrated that the protein belongs to the
nique class of trimeric shell proteins and has pseudo-sixfold sym-
etry (Klein et al., 2009). The pore in this protein is gated. This type
f pore and other pores located along the hexameric/pentameric
ymmetry axes of shell proteins could therefore play a role in reg-
lating metabolite flux across the shell.
The tandem BMC  domain protein PduT is likely to play a redox
ole, since this protein contains an Fe-S centre (Fig. 4) (Crowley
t al., 2010; Pang et al., 2011; Parsons et al., 2008). Significantly,
t has recently been shown that PduT interacts with PduS (Parsons
t al., 2010b), a corrin reductase that also contains two  4Fe–4S cen-
res (Cheng and Bobik, 2010; Parsons et al., 2010b).  The presence
f such a redox system on the shell could either allow for electron
ransfer or for transport of a redox centre into the confines of the
icrocompartment.
. Targeting to the BMCThe precise mechanism for targeting and incorporation of pro-
eins into the BMCs has not been fully elucidated. Previously, it has
een noted that the N-terminal regions of PduD, E and P, unnec-
ssary for enzymatic function, are absent in homologous proteinshow three cysteines over the central pore can form the basis of an Fe–S centre.
that are not associated with BMCs (Daniel et al., 1998; Fan et al.,
2010; Tobimatsu et al., 2005). This suggested that the N-terminal
regions may  play a role in targeting the protein. Fusing proteins
like GFP onto the subunits of the diol dehydratase such as PduC
and D resulted in the internalisation of the fluorophore into recom-
binant microcompartments (Parsons et al., 2010a).  Recently, the
first 18 amino acids of both PduP and PduD have been confirmed
as target sequences (Fan and Bobik, 2011; Fan et al., 2010). Sim-
ilarly, the C-terminal region of CcmN, a conserved carboxysome
protein, was found to be required for interaction with the car-
boxysome shell. Deletion of the peptide prevents carboxysome
formation, indicating its interaction with the shell is an essential
step in microcompartment formation (Kinney et al., 2012). These
N- and C-terminal peptide regions are predicted to form a heli-
cal structure composed of hydrophobic residues followed by a less
conserved potential linker region.
5. Localisation of the BMC  within the cell
It has been shown that prokaryotes can use cytoskeletal fila-
ments to position organelles in the cell. Magnetosomes, lipid bound
organelles found in magnetotactic bacteria, are held like beads on
a string in the cytoplasm by a MreB-like protein called MamK
(Komeili et al., 2006). Likewise, carboxysomes in cyanobacteria
were reported to be spatially arranged depending on cytoskele-
tal components, including ParA and MreB (Savage et al., 2010).
It has also been observed that recombinant Pdu shells appear to
move in E. coli cells but only in the presence of PduV. This led
to speculation that PduV is somehow involved with cytoskeleton
dynamics (Parsons et al., 2010a). Thus, cytoskeletal elements are
thought to be responsible for controlling spacing and distribution
of microcompartments within the cell. Reasons for the need to
control microcompartment location could include ensuring their
equal inheritance by daughter cells on cell division. An under-
standing about the interaction between microcompartments and
the cytoskeleton could potentially be used to modify the localisa-
tion of microcompartments within the cell, for instance to enhance
movement of metabolites out of the cell.
S. Frank et al. / Journal of Biotechnology 163 (2013) 273– 279 277
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. Engineering of BMCs
The first recombinant engineering of a BMC  was reported with
he cloning of propanediol utilisation activity into a laboratory
12 strain of E. coli, an organism that does not possess this abil-
ty (Parsons et al., 2008). By cloning the 21-gene pdu operon from
itrobacter freundii into E. coli it was possible to demonstrate that
he transformed bacteria became endowed with the ability not
nly to produce the required diol dehydratase activity, but also to
roduce fully formed and functional metabolosomes. In an effort
o determine the feasibility of engineering new activities into a
MC  experiments were undertaken with a view to constructing
n empty organelle. This was achieved through the coordinated
roduction of varying numbers of the Pdu shell proteins (Parsons
t al., 2010a).  Here it was possible to demonstrate that the min-
mum number of Pdu metabolosome shell components required
o form a microcompartment is six proteins (PduA-B-B′-J-K-N).
he absence of the remaining Pdu shell proteins PduU and PduT
id not prevent formation of the recombinant shells. However,
eletions of genes from the wild type pdu operon in S. enter-
ca have suggested that the organelle can form in the absence
f PduA and PduK (Cheng et al., 2011). Thus it may  be possible
o construct an empty microcompartment with even fewer shell
roteins.
The key to any functional BMC  is the encapsulation of metabolic
nzymes within the protein shell. It was found that new proteins
ould then be targeted to the empty microcompartment when
used to a number of the enzymes that are normally found within
he Pdu BMC. For instance, GFP was found to be internalised when
used to either PduC or PduD (Parsons et al., 2010a). Interestingly,
hen GFP was fused to PduV it was found to be localised to the
xternal surface of the BMC  (Parsons et al., 2010a).  These results
ere confirmed by live cell imaging. Targeting to the microcom-
artment is thought to be mediated via the N-terminal region of
hese proteins, since fusing GFP to N-terminal truncations of PduD
nd PduV still resulted in localisation of the fluorophore to the
rganelle (Fan and Bobik, 2011; Parsons et al., 2010a).
Recombinant production of the carboxysome has recently been
eported (Bonacci et al., 2012). Here, it was demonstrated that
eterologous expression of the carboxysome genomic locus from
. neapolitanus, containing 10 genes encoding enzymes and shell
roteins, is sufficient to synthesize BMCs in E. coli. The structures
re very similar to those of the native host. Thus, the genetic
nformation is sufficient for transplanting a carbon-fixing protein
rganelle into new hosts that otherwise do not reductively fix
arbon (Bonacci et al., 2012). Further recent work has suggested
hat it is possible to engineer recombinant Eut organelles from to generate bioreactors and organelles with new functions is outlined.
Salmonella in E. coli (Choudhary et al., 2012) although it is difficult
to quantify the number or quality of the organelles produced in this
study.
7. Potential biotechnology applications
Microcompartments may  be of use for the enhancement of
cellular activity in the biosynthesis of non-native metabolites for
example ethanol and biodiesel for biofuel production. Modula-
tion of the shell composition and pore properties could provide
selectivity for the transport of metabolites that are required for
the biosynthesis. It may  also be that the compartmentalisation of
the metabolic pathway for ethanol and other biofuel production in
E. coli could result in higher concentrations of the product through
greater tolerance via sequestration. Such engineering would
require the targeting of specific enzymes to an empty BMC  via
attachment of a targeting peptide, employing a strategy as outlined
in Fig. 5. However, to achieve this a number of technical issues need
to be addressed. More information is required about how substrates
can enter the BMC  and how products leave. Ideally, a crystal struc-
ture of a pore is required with critical functional elements of the
topology in terms of inward and outward flux of metabolites. Detail
on how proteins are targeted and internalised within the BMC  is
needed to help determine how enzymes can be arranged inside the
organelle. Finally, knowledge on the make-up of a minimal BMC  is
required in order to plan and engineer additional complex functions
into the overall structure, especially for the design of new functions.
Other strategies involving BMCs as cargo carriers for molecular
delivery have been discussed elsewhere (Tsai and Yeates, 2011).
Such cargos could include metal nano particles, cytotoxic chemicals
and cytotoxic proteins and would have potential applications for
medicinal uses such as tumour imaging and cancer therapy.
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